Previous studies showed that chromosomal instability was common in esophageal squamous cell carcinoma (ESCC
Introduction
Esophageal squamous cell carcinoma (ESCC) is the sixth most fatal cancer worldwide (1) . There is great geographic variation in the occurrence of this cancer, including exceptional high-risk areas such as the Shanxi province, a region in north central China with some of the highest esophageal cancer rates in the world (2, 3) .
Although epidemiologic studies indicate that tobacco and alcohol are the major risk factors for ESCC in the low-risk regions of Europe and North America, the etiology in high-risk regions remains unclear. Several lifestyle factors and environmental exposures, including nutritional deficiencies, extremely hot food intake, and nitrosamines and polycyclic aromatic hydrocarbons exposures, have been considered, but none have been convincingly linked to the high rates of esophageal cancer in Shanxi (4, 5) . Previous studies of this high-risk region have shown a strong tendency toward familial aggregation (6) (7) (8) , suggesting that genetic susceptibility may play a significant role in the etiology of esophageal cancer.
Using a genome-wide scan approach, our group has shown that genomic instability, that is, loss of heterozygosity (LOH), was common in ESCC, and particularly high frequencies of LOH were found on chromosome arms 3p, 4p, 4q, 5q, 9p, 9q, 13q, 15q, 17p, and 17q (9, 10) . In patients with a family history of upper gastrointestinal (UGI) cancer, a very high frequency LOH on chromosome 13q was observed (11, 12) . However, the molecular mechanisms of chromosomal instability in ESCC remain unknown. One mechanism causing chromosomal instability in ESCC may be related to telomere dysfunction. Telomeres are the specialized DNA-protein structures that cap the ends of linear chromosomes. Telomeres protect chromosomes by preventing chromosome end fusions and also by keeping cells from recognizing their own chromosomal ends as double-strand DNA breaks (13) . Critically short telomeres can be a major mechanism for the generation of chromosomal abnormalities via repeated breakage-fusion-bridge cycles (14, 15) . Chromosomal instability caused by dysfunctional telomeres could drive the tumorigenic process by increasing genomic instability, thus resulting in increased mutation rates for oncogenes and tumor suppressor genes (16) .
Very short telomeres have been reported as common early alterations in many human cancers, including gastric (17, 18) , colon (19) , lung (20) , breast (21) , pancreatic (22) , and prostate (23) cancers. Short telomeres have also been detected in tissue samples taken from patients with Barrett's esophagus, which is associated with an increased risk of esophageal adenocarcinoma (24) . Barrett's esophagus patients whose biopsies showed the shortest telomeres also had the highest degree of chromosomal abnormalities (24) . Kammori and colleagues examined tumor tissues from 15 ESCC patients and found that the average telomere length in cancer cells was significantly shorter than in adjacent noncancer esophageal epithelium (25) and that the telomere length in noncancer esophageal epithelium was inversely associated with the frequency of chromosome anaphase/telophase bridges in cancer cells (26) . Recently, short telomeres in blood leukocytes were reported to predict cancer risk in patients who were diagnosed with Barrett's esophagus (27) . To understand the role of telomeres in the development of ESCC, we investigated the association of telomere length and chromosome arm-specific instabilities in 47 ESCC patients. To the best of our knowledge, this is the first study using a genome-wide approach to investigate if telomere dysfunction could contribute to the chromosome arm-specific instabilities associated with the development of ESCC.
Materials and Methods
Patient selection. Patients (n = 47) diagnosed with ESCC between 1998 and 2001 in the Shanxi Cancer Hospital in Taiyuan, Shanxi Province, People's Republic of China, and considered candidates for curative surgical resection were recruited to participate in this study. None of the patients had prior systemic therapy, and Shanxi was the ancestral home for all the participants. After obtaining informed consent, patients were interviewed to obtain information on demographic, clinical, and cancer lifestyle risk factors, including tobacco smoking, alcohol drinking, and family history of cancer, etc. Ten milliliters of blood were taken from each consenting patient after the interview. Tumor tissue obtained during surgery was (a) snapfrozen in liquid nitrogen, along with matching normal tissues, and stored at À130jC or (b) fixed in ethanol and embedded in paraffin. This study was approved by the Institutional Review Boards of the Shanxi Cancer Hospital and the National Cancer Institute.
DNA extraction. Germ-line DNA was extracted from whole blood using the standard phenol/chloroform method. One 5-Am section was H&E stained and marked by a pathologist as the guide for microdissection. Five to 10 consecutive 8-Am sections were cut from fresh frozen tumor tissues. Tumor cells were microdissected under a light microscope and tumor DNA was extracted followed the protocol from the Puregene DNA Purification Tissue Kit (Gentra Systems, Inc.). Five hundred to 700 ng of purified DNA were isolated for each tumor samples.
Genome-wide LOH analysis using Affymetrix GeneChip single nucleotide polymorphism array. The germ-line and tumor DNA samples were analyzed on the Affymetrix 10K (n = 17) or 500K (n = 30) single nucleotide polymorphism (SNP) array GeneChips, following the protocol described previously (9) for 10K arrays; the detailed experimental protocol for the 500K array can be found online. 3 In brief, genomic DNA samples were diluted to f50 ng/AL in reduced EDTA TE buffer (0.1 mmol/L EDTA) and assayed according to the GeneChip Mapping Assay manual, supplied by Affymetrix, Inc. A total of 250 ng of germ-line DNA was initially used in the digestion with NspI or StyI for 2 h in 37jC, and 20 min in 65jC. The DNA was then ligated to NspI or StyI adaptors for 3 h at 16jC, followed by 20 min at 70jC before PCR amplification. All the steps mentioned above were performed in a pre-PCR clean room. The PCR was started at 94jC for 3 min, followed by 30 cycles at 94jC for 30 s, 60jC for 30 s, and 68jC for 15 s. The final extension was done at 68jC for 7 min. The PCR product was verified by gel electrophoresis. If the expected product sizes (200-2,000 bp) were observed, then the PCR products were purified using Qiagen MinElute 96 and quantified by spectrophotometer. After a successful fragmentation (confirmed by the presence of a smear between 50 and 200 bp), the sample was end labeled with biotin and hybridized onto the array. The chip was hybridized at 49jC for 18 h, then washed and stained in the GeneChip Fluidics Station 450 following the manufacturer's instructions. The chip was scanned with the Affymetrix GeneChip Scanner 3000 using GeneChipOperating System version 1.4, and data files were automatically generated. Genotype assignments were generated automatically by the GTYPE software (Affymetrix). Genotype calls were defined as AA, AB, or BB; ''no call'' means that the SNP did not pass the discrimination filter and was excluded from further evaluation. LOH was defined as a change in the genotyping call from AB (heterozygous) in germ-line DNA to AA or BB (homozygous) in the matched microdissected tumor DNA. 3 http://www.affymetrix.com/support/downloads/manuals/500k_assay_manual.pdf Telomere length assessment using quantitative fluorescent in situ hybridization. Alcohol-fixed, paraffin-embedded tissue sections (5 Am) were used to measure telomere lengths in four cell types: cancer cells, carcinoma-associated fibroblasts, infiltrative lymphocytes, and normal epithelial cells adjacent to the tumor. The procedure was as follows: The section slides were deparaffinized by incubating in xylene and then hydrated through an ethanol series (100%, 90%, 80%, and 70%). The slides were incubated in 10 mmol/L sodium citrate (pH 6.5) and 85jC for 10 min and then placed in a RNase solution (40 Ag/mL of RNase A) for 1 h at 37jC. Slides were then rinsed with deionized water, dipped through an ethanol series (70%, 80%, 90%, and 100%), and air dried. Fifteen microliters of hybridization mixture consisting of 0.3 Ag/mL Cy3-labeled telomere-specific peptide nucleic acid probe (Panagene, Inc.), 50% formamide, 10 mmol/L Tris-HCl (pH 7.5), 5% blocking reagent, and 1Â Denhart's solution were applied to each slide and slides were coverslipped. Slides were then placed in a Hybex microarray hybridization chamber where the DNA was denatured by incubating at 75jC for 5 min, followed by hybridizing at 30jC for 3 h. After hybridization, the slides were sequentially washed: once in 1Â SSC, once in 0.5Â SSC, and once in 0.1Â SSC; each wash was 10 min at 42jC. The slides were then mounted in antifade mounting medium containing 300 ng/mL 4 ¶-6-diamidino-2-phenylindole (DAPI).
The sample slides were analyzed using a Leica DM 4000 epifluorescence microscope equipped with a charge-coupled device camera. Fluorescent images were captured with exposure times of 0.1 and 0.05 s for Cy3 and DAPI signals, respectively. An H&E-stained adjacent section was used by a senior cancer pathologist (Q.S.) to determine the cell types. Digitized fluorescent telomere signals were quantitated using a semiautomated script, TeloMeter (a kind gift from Dr. Alan Meeker), written with image analysis software (ImageJ). This software permits measurement of telomere signals in individual cells. Image processing was performed as follows: For a given image, the raw Cy3 telomere image was filtered with the backgroundcorrecting filter. This corrected image was segmented on a gray-value threshold for contouring telomeric spots that were then binarized, creating a mask that was applied to the original telomere fluorescence data. Telomere length was expressed as fluorescent intensity units in thousands (KFIU). Tabulated data were exported to Microsoft Excel for further data analysis. For each patient, 30 cells were analyzed to estimate the mean telomere length for each of the four cell types (cancer cells, normal epithelial cells, infiltrative lymphocytes, and CAFs). Telomere attrition in cancer cells was defined as the telomere length in CAFs minus the telomere length in cancer cells.
Statistical analysis. Spearman correlations were examined between LOH frequency and telomere length by chromosome arm and cell type. Linear regression was used to analyze the relationship between the LOH frequency on chromosome arms and telomere length, while controlling for age, gender, smoking status, family history of cancer, and tumor grade. Chromosome arms with z25% LOH frequency (75th percentile value of LOH frequencies of all chromosome arms combined) were considered positive (yes) for chromosomal instability. Wilcoxon-Mann-Whitney tests were used to compare median telomere length between chromosomal instability groups (yes/no). In some analyses, telomere length was dichotomized as short/long using the 50th percentile values in the sample sets as a cut point. Multivariate logistic regression was used to analyze the relationship between chromosome arm instability status and telomere length while controlling for age, gender, smoking status, family history of cancer, and tumor grade. All P values were two-sided and considered statistically significant if P < 0.05. All analyses were performed using SAS software, version 9 (SAS Institute, Inc.).
Results
Characteristics of study population. Table 1 lists the characteristics of patients in the study and telomere length by host factors. The mean age of the patients was 55.5 years old. Telomeres in CAFs and infiltrative lymphocytes were significantly shorter in nonsmokers compared with smokers. Telomeres in tumor cells, CAFs, and infiltrative lymphocytes tended to be longer in cases with a family history of upper gastrointestinal (UGI) cancer than in cases without such family history.
Characteristics of telomere length in cancer and stoma cells. Telomere lengths were significantly different among cell types, such that length in infiltrative lymphocytes > CAFs > cancer cells (Fig. 1) . The mean telomere length in infiltrative lymphocytes (mean F SD = 240.7 F 90.2 KFIU) was significantly longer than CAFs (199.9 F 113.3, P = 0.004) and cancer cells (92.4 F 89.5, P < 0.001). Mean telomere length was also significantly longer in CAFs than in cancer cells (P < 0.001). In three cases, however, we found longer telomeres in cancer cells than in either CAFs or infiltrative lymphocytes. Telomere length was also determined in normal epithelial cells in the subset of samples (n = 14) in which normal tissue adjacent to tumors was available for telomere analysis. The mean telomere length in normal epithelial cells adjacent to tumors (158.2 F 39.2 KFIU) was not significantly different from mean telomere length in CAFs (186.4 F 74.1, P = 0.232).
We also examined telomere length correlation between cell types and found that telomere length in CAFs was significantly correlated with telomere length in infiltrative lymphocytes (r = 0.53, P < 0.001). Slightly lower correlations were seen for telomere length between tumor cells and CAFs (r = 0.37, P = 0.010) and between tumor cells and infiltrative lymphocytes (r = 0.33, P = 0.024). No significant correlation (r = 0.23, P = 0.427) in telomere length between CAFs and normal epithelial cells adjacent to tumors was seen. LOH frequency by chromosome arm. Before the availability of 500K SNP array chips, 17 tumor samples were analyzed using the 10K SNP array chips. In five of these samples, the percentage of informative SNPs (SNPs showing heterozygosity) was low (<20%), resulting in sparse data for many chromosome arms (especially for small chromosomes), and prevented the accurate estimation of LOH frequencies. Thus, we excluded these five cases from the statistical analysis, which left a final data set of 42 cases with genome-wide LOH data. The mean frequency of LOH for all the chromosome arms combined (overall) was 18.7% and the mean frequency of LOH for individual chromosome arms varied widely, ranging from 8% to 48%. High average frequencies of LOH (>25%) were observed on chromosomes 3p, 4p, 4q, 5q, 9p, 9q, 11q, 13q, 17p , 17q, 18q, and 21q.
Telomere length and chromosomal instability. We initially examined telomere length and LOH frequency as continuous variables using Spearman rank correlations ( Table 2 ). Significant correlations were observed between telomere length and LOH frequency: (a) for cancer-associated fibroblasts on chromosome arms 1p, 1q, 3q, 4p, 4q, 5q, and 13q; (b) for infiltrative lymphocytes on 3q, 4p, and 4q; and (c) for cancer cells on 3q. Telomere attrition in cancer cells (defined as telomere length in CAFs minus the telomere length in cancer cells) was significantly correlated with LOH frequency on chromosome arms 1p, 6q, 13q, and 15q. We defined telomere attrition in cancer cells using CAFs as the reference cell type because most previous studies have used tumor stromal cells as the reference cells (23, (28) (29) (30) and defined telomere attrition as the difference between telomere length in cancer cells and telomere length in stromal cells (28) or as the ratio of telomere length in cancer cells to stromal cells (30) . Multiple linear regressions, shown in Table 3 , revealed that telomere length was significantly associated with LOH frequency: (a) for CAF cells on chromosome arms 4p, 4q, 5p, 5q, 6q, 10q, 12p, 12q, 13q, 15q, 16p, and 16q; (b) for infiltrative lymphocytes on 4q, 10q, 12q, 15q, and 16p; and (c) for cancer cells on 12q. Telomere attrition in cancer cells was significantly associated with LOH frequency on chromosome arms 5p, 5q, 6q, 15q, 16p, and 16q. Table 4 shows telomere length by chromosome instability status (chromosome instability was defined as LOH z25%) for the various cell types studied. These data indicate that a significantly longer median telomere length was observed (a) in CAFs from patients with chromosome instability on 3q, 4p, 4q, 5q, 6q, 10q, 12p, 12q,  13q, 15q, 16q , and 20q and (b) in infiltrative lymphocytes from patients with chromosome instability on 4q, 6p, 10q, 12q, 15q, 16p, and 16q. In addition, patients with chromosome instability on 15q, 16p, and 16q showed significantly higher levels of telomere attrition in their tumor cells than in patients without such chromosome arm instability (Table 4) . We used 25% LOH as a cut point to define chromosome arm instability status because 25% LOH is approximately the 75th percentile of overall LOH frequency in this sample set. We understand this cut point is somewhat arbitrary and have explored other cut point (i.e., 40% LOH). We found that only one or two subjects (depending on which specific chromosome arm) were classified differently if 40% LOH was used as cut point and the data support the same conclusion as when 25% LOH was used as a cut point.
Finally, Table 5 shows multivariate logistic regression analyses in which both our end point (chromosome instability, z25% versus <25%) and primary exposure (telomere length, long versus short) were dichotomized. For these analyses, telomere length was dichotomized into long/short groups using the median value as a cutoff point. After adjustment for age, gender, smoking status, and tumor grade, long telomeres were significantly associated with chromosome instability: (a) in CAFs for chromosomes 4q and 13q, with adjusted odds ratios (OR) of 4.4 (P = 0.040) and 11.9 (P = 0.007), respectively, and (b) in infiltrative lymphocytes for chromosome 15q, adjusted OR of 7.5 (P = 0.048). Whereas multivariate logistic regression found no association between telomere length in cancer cells and chromosomal instability, telomere attrition in cancer cells was found significantly associated with instability for chromosomes 13q and 15q, with adjusted ORs of 6.0 (P = 0.038) and 14.3 (P = 0.025), respectively. Because the LOH data were from two types of Affymetrix chips (10K and 500K), we also tested the logistic models to include chip type (10K or 500K) and found that adding the chip type into the models did not have any significant affect on the estimated ORs (data not shown).
Discussion
Genomic instability has been proposed to play an important role in cancer by accelerating the accumulation of genetic changes responsible for cancer cell evolution (31) . Previous studies by our group and others showed that chromosomal abnormalities were frequent in ESCC and commonly involve chromosomes 3p, 4p, 4q, 5q, 9p, 9q, 11q, 13q, 15q, 17p, and 17q (9-12). However, the molecular mechanisms underlying this chromosome instability are unclear. In the present study, we showed that high level of telomere attrition in cancer cells was significantly associated with specific chromosome arm instabilities in ESCC. Our findings here are consistent with previous reports that telomere shortening is associated with chromosome instability in ESCC tumors (26) , in Barrett's esophagus (24) , and in tissues taken from patients with ulcerative colitis, which is associated with increased risk of colon cancer (30) . Kammori and colleagues examined tumors from 15 ESCC patients and found that telomere length in normal epithelial cells adjacent to tumor was inversely associated with the frequency of chromosome anaphase/telophase bridges and aneuploidy in tumor cells (26) . Finley and colleagues examined 11 biopsies from Barrett's esophagus patients and found that high telomere attrition in epithelial cells significantly correlated with chromosome abnormalities for chromosomes 17 and 11, but not for chromosome 9 (24) . Using a genome-wide scan approach, we discovered that high-level telomere attrition in cancer cells was significantly associated with instability on chromosomes 13q and 15q in ESCC. To the best of our knowledge, this is the first study to report that telomeres are involved in the chromosome arm-specific instabilities in ESCC.
Surprisingly, we also found that long telomeres in tumor stroma cells (carcinoma-associated fibroblasts and infiltrative lymphocytes) were significantly associated with instability on chromosomes 4q, 13q, and 15q. This finding is not entirely consistent with previous reports that short telomeres in epithelial cells/cancer cells are associated with chromosome abnormalities in human cancers (15, 32, 33) . However, these previous studies only examined the telomere length in cancer cells or epithelial cells of preneoplastic lesions. No previous study has examined telomere lengths in CAFs and infiltrative lymphocytes and their relationship to chromosome instability in cancer cells. Telomere lengths measured in tumor stroma cells may not be directly comparable with telomere length in cancer cells or epithelial cells of preneoplastic lesions. Shorter telomeres may either have been inherited as a constitutional trait or may have been acquired somatically because of attrition induction by tissue-specific environmental factors (i.e., excessive proliferation). The reduction in telomere length in epithelial cells of preneoplastic lesions may simply reflect a greater number of times that the preneoplastic epithelium has replicated, compared with the surrounding stroma. In the present study, we found that telomeres in stroma cells are significantly longer than in neighboring cancer cells and that there is no significant telomere length correlation between stroma cells and normal epithelial cells adjacent to tumor and only a weak telomere length correlation between stroma cells and cancer cells in ESCC. These data suggested that cancer cells and stroma cells in ESCC may have experienced different tissue-specific microenvironment of telomere loss/maintenance. We speculate that telomere maintenance in the tumor stroma may be altered to facilitate the development of tumors with high chromosome instability. Previous studies have shown that tumor stroma plays a significant role in the initiation and progression of carcinomas (34, 35) . Reactive tumor stroma differs from normal stroma; it has a reactive phenotype that is associated with an increased number of fibroblasts, enhanced capillary density, and increased type I collagen and fibrin deposition. Reactive tumor stroma cells have been shown to provide oncogenic signals that facilitate tumorigenesis (36, 37) . Extensive gene expression changes and neoplastic-specific changes were observed in the CAFs of breast cancer (38, 39) . However, the role of telomeres in the reactive tumor stroma in the initiation/ progression of ESCC is completely unknown and is an area that warrants further investigation.
Our data suggest that telomere length is associated with chromosome instability only on specific chromosome arms (4q, 13q, and 15q). This observation raises the question as to whether these chromosome arms possess generally shorter telomeres than other chromosome arms in ESCC patients. It has been reported that average telomere length may be less important than short telomeres on specific chromosome arms because telomere dysfunction occurs preferentially on chromosomes with critically short telomeres (40) . In humans, chromosome-specific telomere lengths are highly polymorphic between chromosome arms (41) (42) (43) and the telomere length patterns on chromosome arms seem to be heritable (44, 45) . Several reports have suggested that telomere shortening does not occur at the same rate for all telomeres (46) . This view is supported by several studies that showed that those chromosome arms with the shortest telomeres were more often found in the telomere fusions leading to chromosome instability (40, 47, 48) . A recent study compared telomere length between normal breast epithelium, ductal carcinoma in situ, and invasive ductal carcinoma from 18 patients and found that the shortening of telomeres on chromosome 17q is greater than the average shortening of all telomeres (49) . Future studies that examine specific chromosome arm telomere lengths may provide new insights into the molecular mechanisms controlling the chromosome instability commonly observed in epithelial cancers. We also observed that telomere length differed significantly among cell types, such that length in infiltrative lymphocytes > CAFs > cancer cells. Short telomeres were observed in cancer cells in 44 of 47 (94%) tumors examined, suggesting that telomere shortening is a common genetic alteration in ESCC. This observation is consistent with most previous reports of telomere length in various cancer types. In cancer cells, telomere length varies widely and its equilibrium depends on the balance between telomere shortening from cell division and telomere elongation from telomerase activity (50) . Telomerase is a reverse transcriptase that synthesizes and adds the telomeric repeats onto the end of chromosome. Very short telomeres have been reported as common early alterations in many human cancers (51), including gastric (17, 18) , colon (19) , esophageal (25, 26) , lung (20, 52) , breast (21), pancreatic (22) , and prostate (23) cancers. In contrast, some tumor types have longer telomeres in cancer cells than in normal cells, for example, intracranial tumors, basal cell carcinomas of the skin, and renal cell carcinoma (53) . Our results indicate that shortened telomeres are a common genetic alteration in ESCC, which is consistent with previous reports (25, 26) .
In conclusion, our data provide further evidence that telomere shortening is a common genetic alteration in ESCC and that chromosome instability is related to both telomere attrition in cancer cells and telomere length in tumor stroma cells. The data provide new clues for understanding the molecular mechanisms of chromosome arm-specific instabilities in ESCC and suggest that genetic defects in telomeres may be involved in the development of ESCC.
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